We present the first experimental observation of a topological transition in a non-Hermitian system. In contrast to standard methods for examining topological properties, which involve probing edge (or surface) states, we monitor the topological transition by employing bulk dynamics only. The system is composed of a lattice of evanescently coupled optical waveguides, and non-Hermitian behavior is engineered by inducing bending loss by spatially "wiggling" every second waveguide. DOI: 10.1103/PhysRevLett.115.040402 PACS numbers: 03.65.Vf, 42.50.Ar, 42.82.Et Topological transport was first proposed by Thouless, Kohmoto, Nightingale, and den Nijs [1] , who showed that the Hall conductance of a two-dimensional electron gas is proportional to an integer-valued topological quantity. This introduces a striking robustness: small changes to the system (including disorder) have no effect [2] . Nontrivial topology implies conducting surface (or edge) states, which play a central role in many topological phenomena. A subsequent resurgence of interest in topological phenomena began with the prediction and observation of the quantum spin Hall effect [3] [4] [5] , followed by the prediction [6, 7] and observation [8] of an analogue of the quantum Hall effect for electromagnetic waves in the microwave regime. Proposals were subsequently put forward on how to achieve topologically protected optical transport [9] [10] [11] [12] and experimentally realized by using waveguide arrays [13] . A different structure was used to implement this phenomenon in a silicon platform [14] . Recent progress demonstrated topological phenomena in ultracold gases, such as the measurement of the Zak phase [15] . However, in typical cold atom experiments, accessing edge physics is challenging, due to the smoothness of the magneto-optic trap [16] . Accordingly, measuring topological properties therein must be carried out by a complex procedure of sweeping the wave function through the Brillouin zone [17] [18] [19] [20] [21] . Similar ideas have been proposed for excitonpolariton systems [22] , and a direct measurement of the Zak phase was suggested for a waveguide lattice [23] .
Topological transport was first proposed by Thouless, Kohmoto, Nightingale, and den Nijs [1] , who showed that the Hall conductance of a two-dimensional electron gas is proportional to an integer-valued topological quantity. This introduces a striking robustness: small changes to the system (including disorder) have no effect [2] . Nontrivial topology implies conducting surface (or edge) states, which play a central role in many topological phenomena. A subsequent resurgence of interest in topological phenomena began with the prediction and observation of the quantum spin Hall effect [3] [4] [5] , followed by the prediction [6, 7] and observation [8] of an analogue of the quantum Hall effect for electromagnetic waves in the microwave regime. Proposals were subsequently put forward on how to achieve topologically protected optical transport [9] [10] [11] [12] and experimentally realized by using waveguide arrays [13] . A different structure was used to implement this phenomenon in a silicon platform [14] . Recent progress demonstrated topological phenomena in ultracold gases, such as the measurement of the Zak phase [15] . However, in typical cold atom experiments, accessing edge physics is challenging, due to the smoothness of the magneto-optic trap [16] . Accordingly, measuring topological properties therein must be carried out by a complex procedure of sweeping the wave function through the Brillouin zone [17] [18] [19] [20] [21] . Similar ideas have been proposed for excitonpolariton systems [22] , and a direct measurement of the Zak phase was suggested for a waveguide lattice [23] .
Concurrently, notions of topological physics were introduced also in dissipative non-Hermitian systems [24] [25] [26] [27] [28] [29] . Under appropriate conditions, the history of the wave function in a non-Hermitian system may encode topological features of the system's band structure. Such features are reflected in robustly quantized values of certain observables [24] . This discovery is important, first because it identifies a methodology for unraveling the topological behavior of non-Hermitian systems. Second, it proposes a way to study topological features by examining the history of the bulk wave function, something that would otherwise require complicated protocols [15, 20] or probing edge physics [5, 13, 30] .
Here, we present the first experiment to probe the topological properties of a non-Hermitian system. We show that its topological nature can be probed by bulk experiments.
We study an optical setup designed to realize the idealized one-dimensional (1D) non-Hermitian dimer model (NHDM) of [24] . The NHDM resembles the Su-Schrieffer-Heeger (SSH) model of polyacetylene [31] , also called the dimer model, defined in terms of hopping on a 1D lattice with alternating strong and weak bonds. The SSH model features topologically distinct phases, corresponding to two inequivalent dimerization patterns. The NHDM contains an additional ingredient: particles can be lost or absorbed at every second site.
Our experimental system is based on the model in Ref. [24] , originally conceived as a "quantum walk" in energy space, where levels are by nature discrete. We map this behavior to a continuous system: an array of coupled waveguides. In continuous periodic systems, such as crystalline materials, photonic crystals, waveguide arrays, or superconducting circuits, deviations from the idealized tight-binding description can be important. This is especially significant in non-Hermitian systems, where loss is added into the model phenomenologically, representing radiation-mode coupling. Furthermore, Hilbert space dimensionality plays a crucial role in defining the topology for the non-Hermitian system in Ref. [24] , controlling the prevalence of "dark states" which mark the topological transition points. In particular, for a generic system with M sites per unit cell, nontrivial winding can occur only in the case where one site is lossy, while the remaining M − 1 sites are stable [32] . When more than one site per unit cell is lossy, dark states (i.e., eigenstates that avoid all lossy sites) become too rare to induce quantization. From this point of view, it is an open question as to how predictions of Ref. [24] will hold in an experimental setting based on a continuous variable implementation.
We implement the NHDM in a photonic setting, although the concept is general. Our system is composed of an array of evanescently coupled waveguides [ Fig. 1(a) ]. The input facet is sketched in Fig. 1(b) , labeling the sublattices A and B and cell index m [33] . The cell length is d, and the spacings between A and B sublattices are d 1 and d 2 , leading to a dimerization Δd ¼ ðd 1 − d 2 Þ=2. Coupled optical systems are well suited to examining other non-Hermitian effects (such as parity-time symmetric systems) with the refractive index distribution as the real part of the potential and the gain and loss parameter as the imaginary part [34] . By oscillating every second waveguide, radiation loss is introduced [35, 36] . Such a waveguide mimics a temporally oscillating potential well: oscillation introduces leakage to continuum modes. These modes radiate, never to return, leading to loss of the guided light. The notion of spatially oscillating waveguide channels to induce bending losses yields highly tunable nonHermiticity, a technique that can be used broadly in other systems. The small wiggling is chosen transverse to the lattice plane to minimize the change of the distance between adjacent waveguides. Thus, to a good approximation, the coupling is time independent [35] . The full continuum description of the propagation of light therein is given by the paraxial approximation to Maxwell's equations, which is mathematically equivalent to the Schrödinger equation:
i∂ z ψðx;y;zÞ ¼ − 1 2k 0 ∇ 2 ψðx;y;zÞ − k 0 Δnðx;y;zÞ n 0 ψðx;y;zÞ; ð1Þ where z represents the propagation distance along the waveguide axis, k 0 is the wave number of light in the medium, ∇ 2 is in the transverse ðx; yÞ plane, Δnðx; y; zÞ is the refractive index change profile of the waveguides, and n 0 represents the ambient refractive index. If Δnðx; y; zÞ is real, then Eq. (1) is Hermitian (thus conservative); if the material has a spatially uniform absorption coefficient (always present but very small here), this causes an overall decay of the wave function as a function of z (but when this is factored out the propagation is still Hermitian). Desired loss is implemented by the aforementioned waveguide wiggling. Our system is equivalent to an open quantum system, which is also represented by a non-Hermitian model [37, 38] . Solving Eq. (1) numerically in the continuum simulations, we use absorbing boundary conditions, forcing our system to be non-Hermitian [39] .
The single-mode waveguides can be modeled by using tight-binding equations. This yields a discrete Schrödinger equation [43, 44] , with the distance along the waveguide axis, z, acting in place of time t:
where c 1 and c 2 are coupling (hopping) constants between waveguides, and γ is the loss rate. The couplings are tuned by varying the spacing, and γ is tuned by varying the amplitude and period of the oscillation. In the basis of periodic Bloch functions, the Hamiltonian is given by
where k is the Bloch wave number. For γ ¼ 0, this is precisely the SSH model. Therein, for any k, the Bloch eigenstates (viewed as a pseudospin) lie on the equator of the Bloch sphere. The topological number is the "winding number": the number of loops made by a Bloch state around the equator of the Bloch sphere, as k passes through the Brillouin zone [15, [45] [46] [47] . Here, the winding number w yields jwj ¼ 0 or 1, in the cases c 1 > c 2 and c 1 < c 2 , respectively; a nonzero winding number is referred to as being "topologically nontrivial." Here, the winding number is equivalent to the Zak phase [45, 47] , up to a factor of π.
The bulk-edge correspondence principle [48] states that, at an interface between a topologically trivial and nontrivial crystal, a localized state forms. Typically, the topological nature of a system is probed via these edge states [5, 13, 30, 49] . With nonzero loss, the NHDM presents a different paradigm of topology [24] . Here, a winding number is associated with the number of times the Bloch eigenstates encircle the polar axis of the Bloch sphere, independent of the presence of symmetry in the A and B sublattice potentials. The σ z axis is special due to the existence of a nondecaying dark state that lives entirely on the A sublattice, at the north pole of the Bloch sphere. Note that both eigenstates of the Bloch Hamiltonian must avoid the north pole (i.e., the dark state) for all values of k. Both the 
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SSH and NHDM feature a transition of the topological number at exactly c 1 ¼ c 2 ; in the case where A and B sublattice potentials are equal, the winding number of the NHDM coincides with that of the SSH model. Remarkably, within the NHDM, the expected mean displacement hΔmi achieved by a particle initialized on the nondecaying sublattice, is topologically quantized, with its value given by the winding number. Under inversion, the waveguide structure with a given dimerization Δd maps to the structure with dimerization −Δd. This raises the question of how these two structures can have different winding numbers while having the same bulk structure. Here, symmetry is broken by the choice of the unit cell labeling-not by the edges. Thus, phases here cannot be labeled as topologically trivial (w ¼ 0) or nontrivial (w ≠ 0); what is important is only the distinction between phases: their differing winding numbers (see [15] ). Therefore, the transition is a probe of the difference in the winding numbers in the phases of the NHDM.
We first examine the case where light is injected (at z ¼ 0) with unit amplitude into the (nonlossy) A site of unit cell m ¼ 0. The mean displacement is [24] 
where ψ ðBÞ m ðzÞ is the amplitude on site B of unit cell m at distance z. hΔmi depends upon the wave function's history. As shown in Ref. [24] , hΔmi equals the winding number if the A site is excited. Figure 2 shows hΔmi as a function of the dimerization, obtained from tight-binding simulations for a large system size and long propagation length. The coupling function used in the simulations is cðdÞ ¼ 27.3=cm · e ð−0.195=μmÞ·d (the decay factor is sufficiently large to neglect next-nearest-neighbor coupling). This dependence was obtained from light propagation experiments in two waveguides acting as a directional coupler. The two curves (blue and red) correspond to initialization on the A and B sublattices, respectively.
The transition from hΔmi ¼ 0 to hΔmi ¼ 1 at Δd ¼ 0 is shown by the blue curve in Fig. 2 , coinciding with the change of the winding number: the switching between different topological phases. When light is launched at a lossy B site, hΔmi is robustly quantized to zero, as seen in simulations (red curve) and hence, no transition takes place, and hΔmi remains zero for all Δd (see Sec. I in Ref. [39] ). The z evolution is plotted in the insets in Fig. 2 for Δd ¼ 0 (i.e., at the transition) and Δd ¼ 2.8 μm (away from it). Interestingly, despite the loss, the lifetime of the wave function diverges at Δd ¼ 0 (Fig. 2, right inset) ; however, it is finite at Δd ¼ 2.8 μm (Fig. 2, left inset) . This results from the dark state: a nondecaying eigenstate residing only on nonlossy sites [24, 35] . It leads to a diverging variance hΔm 2 i, which accompanies the jump in hΔmi and signals the topological transition.
We fabricate such lattices in fused silica glass by using femtosecond direct laser writing [50] with parameters described in Refs. [35, 36] . Each lattice consists of 34 waveguides and is 10 cm long. The waveguides are arranged with alternating distances d 1 and d 2 (Fig. 1) . To introduce loss, every second waveguide is sinusoidally oscillated as a function of z. The wiggling is transverse to the plane of the waveguides, with oscillation amplitude A ¼ 3 μm and period Z ¼ 1 mm, resulting in a loss factor γ ≈ 0.53=cm. Every waveguide also contains a small intrinsic loss of γ ≈ 0.08=cm, which can be factored out as it is identical in every site. These values were measured in isolated waveguides and fabricated with the same parameters. We implement 11 waveguide lattices with a lattice constant d ¼ 36 μm, with different distances d 1 and
In the most dimerized case, we use jΔdj ¼ 4 μm, which is decreased in each subsequent array in steps of 0.4 μm to Δd ¼ 0, corresponding to equally spaced waveguides. We excite a single waveguide in the central unit cell (m ¼ 0) with laser light at λ ¼ 633 nm and employ fluorescence microscopy [50, 51] to observe the wave function intensity as a function of z. Hence, we compute hΔmi as defined in Eq. (4).
In Fig. 3 , we plot the measured hΔmi as a function of Δd. We use the fact that two systems with the same jΔdj are realized in the same sample, which just has to be inverted during data analysis. One can see a clear transition from hΔmi ∼ 0 to hΔmi ∼ 0.82 when a straight waveguide (A sublattice) in the central cell of the array (m ¼ 0) is excited. In the case where the B site is excited, hΔmi shows small fluctuations around zero, coinciding with predictions in Fig. 2 (also, see Sec. I in Ref. [39] ). Two examples of the fluorescence images for Δd ¼ 0 and Δd ¼ 2.8 μm are shown in the insets in Fig. 3 . Background noise is subtracted; however, there is inevitably some residual noise. Figure 3 shows the experimental results along with both continuum simulations and tight-binding simulations, which differ from those in Fig. 2 since here we use the parameters of the experimental system. In our experiment, we see the topological transition in our non-Hermitian system via a bulk measurement: the first observation of a dissipative topological transition. Of course, as for any continuous physical system, the transition is not as sharp as that predicted by the idealized tightbinding NHDM. The smoothness of the transition in the experiment and simulations (Fig. 3) can be attributed to (i) deviations from adiabaticity as the waveguides undergo oscillation to induce loss (indeed, continuum simulations show that propagation is not perfectly adiabatic at the 1 mm period), (ii) neglect of the overlap term between neighboring waveguide modes in the tight-binding approximation, (iii) the small overall loss being also present in the A-sites, and (iv) the fact that decay causes our experimental signal to get lost in noise for sufficiently large z-which effectively limits the length to which we can propagate. The last two points account for the deviation between the tightbinding simulations in Figs. 2 and 3 . The differences between experiments and simulations may arise due to background radiation noise and deviations from a linear relationship between fluorescence and the light intensity. They do not arise from next-nearest-neighbor hopping, as this has no effect on the transition (unless the secondneighbor hopping becomes larger than the nearest-neighbor hopping-unphysical here). That said, the results match simulations and definitively show the transition. They also show no transition at all when the system is excited at the B site (as predicted). The agreement between theory, simulation, and experiment shows that the tight-binding model is a good approximation to the continuous problem and yields an accurate phenomenological description of the ultimately continuous system.
It is important to demonstrate the relevant topological edge physics here. When a system undergoes a transition from a topologically trivial to a nontrivial phase, edge states must emerge. We demonstrate this by launching light into the waveguides at the ends of our lattice. These experiments, shown in Sec. II in Ref. [39] , clearly show confined edge states associated with a nonzero winding number. Monitoring the topological transition through the edge states confirms the findings we showed above extracted from bulk measurements.
Another prediction of Ref. [24] is that the lifetime of a walker in the bulk should diverge at the transition, here corresponding to Δd ¼ 0, monotonically decreasing for increasing jΔdj. To investigate this, we plot the integrated power in the final quarter of the sample as a function of Δd (Fig. 4) . We show only Δd > 0, as the inverted structures used to realize negative values of Δd yield identical results. Here, although we expect to have a maximum at the transition point (Δd ¼ 0), we do not expect this quantity to diverge, because we are only measuring integrated power for a finite amount of propagation length z (indeed, true divergence is not physical for a finite sample length). Clearly, the remaining power reaches a maximum at the transition point, indicating that, for small dimerizations, the wave packet has the longest lifetime.
In conclusion, we have presented the first experimental observation of a topological transition in a non-Hermitian system; we do this by using bulk measurements. Our experiments show that the features of the idealized tightbinding model of Ref. [24] carry over to experiments. Indeed, loss is an inherent feature of many systems that may exhibit topological effects (such as coupled quantum dots [24] , optical lattices [15] , and driven-dissipative exciton-polariton condensates [52] ). This non-Hermiticity may act as a surprising probe of their potentially rich topological phases.
